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I. Introduction
HIS study will analyze a range of upper stage propulsion systems to compare their dynamics and performance for interplanetary travel. The systems studied are liquid rocket engines, solar sails, and electric propulsion engines. They will be compared on the basis of overall mission design, time of flight and propellant consumption. It is the aim of this study to provide a quantitative means of comparing the propulsion systems and to develop trade studies for future interplanetary missions.
The longest portion of interplanetary mission architectures is the coast period between the Earth and the destination planet when the spacecraft is left primarily in the control of the Sun's gravity. A number of advanced propulsion concepts now offer a means to regain trajectory control of the spacecraft during this portion of the mission. These advanced propulsion systems include solar sails and electric propulsion systems, which both use continuous thrust to send the spacecraft spiraling out of its heliocentric orbit. The dynamics of these systems are quite different from the orbital dynamics experienced with the use of traditional rockets. To determine how these new systems rate in performance compared to rockets a series of trade series will be performed for missions to Mars, the Asteroid Belt, and Jupiter. The results will allow for a preliminary evaluation of which propulsion systems work well for particular missions.
II. Rocket Dynamics
The most energy efficient trajectory using standard rockets is the Hohmann transfer named for Walter Hohmann, a German engineer who studied orbital dynamics in the early 20 th century 1 . The basis of the maneuver is to minimize the size of the transfer ellipse between the two planetary orbits. A diagram of a general Hohmann transfer between two orbiting bodies is shown in Fig. 1 . The planet's orbits are assumed circular and coplanar, which reasonably approximates their actual slightly elliptical orbits. Restricting the size of the transfer orbit defines its semi-major axis, a t , via the relation shown in Eq. (1) where r 1 is both the radius of the inner orbit and the periapsis of the transfer ellipse and r 2 is likewise the radius of the outer orbit and apoapsis of the transfer ellipse. 
The semi-major axis defines the elliptical orbital energy via Eq. (2), which in turn defines the velocity of the spacecraft at a given point in the trajectory via Eq. (3). The gravitational parameter of the Sun is represented as µ.
Thus, using Eq. (3) one can determine the velocity of a spacecraft at any distance along the Hohmann transfer ellipse. This allows for the design of a series of delta-V burns first from the inner orbit to the transfer ellipse and then a second burn to circularize the orbit from the transfer ellipse to the outer orbit. The times of flight for the Hohmann transfers are half of the total period of the transfer ellipse. The Hohmann transfer minimizes the necessary energy for a spacecraft to move from one orbit to another. Minimizing the energy in turn minimizes the propellant requirements for each delta-V burn, which saves fuel. However, to further save on fuel there is another technique commonly employed in interplanetary travel called a gravity assist.
When designing a mission trajectory between planets and orbiting bodies in our solar system, one can benefit from the gravity well of a planet in a gravity assist maneuver or fly-by. By sending a spacecraft on a sling-shot trajectory close by an orbiting planet it can gain velocity due to the relative motion of the planet around the Sun. This technique was first theorized by Michael Minovitch, an intern at JPL in 1961 2 . It has since been demonstrated numerous times in space missions including the Apollo 13 sling-shot maneuver around the Moon, the Voyager missions, and other interplanetary exploration missions. To perform the maneuver the spacecraft must be carefully positioned to control its incoming attitude and velocity such that the resultant change in velocity boosts the spacecraft onto a new trajectory around the planet and toward its destination.
As an example of a gravity assist, a mission to Mars from Earth does not have any orbiting planets in between. However, flying first around Venus and then back around Earth allows for a series of gravity assists that can minimize the total fuel consumption below even a Hohmann transfer. An example of this technique is shown in Fig.  2 where the spacecraft uses a gravity boost from Venus to rendezvous with Mars.
Similar maneuvers can be incorporated in missions to other planets such as a mission to one of the outer planets or the asteroid belt. While using gravity assists can substantially save fuel, it can also extend the time of flight. Trade studies between Hohmann transfers and gravity assists are included among the trade studies for the various propulsions systems. For this study, the gravity assist maneuvers are carried out through a series of two or more Hohmann transfers from Earth to the flyby planet and then to the destination planet such as the trajectory in Fig. 2 . While this would normally require at least three delta-v burns, the fly-by planet's gravity provides the second delta-v and thus reduces the total delta-v required by the engines. The total time of flight for the gravity assist trajectory is the summation of the times of flight for each of the Hohmann transfers.
Choosing an appropriate rocket engine to perform the necessary delta-V burns is an iterative process based on the specifications of the engine and the demands of the mission. For the purposes of this study a pair of modern upper stage liquid rocket engines is used to represent the performance of upper stage rockets in general. Liquid engines were chosen rather than solids due to their flexibility in the amount of propellant burned. The engines include Japan's LE-5B, which is used as the second stage engine for the H-IIA launch vehicle, and Pratt & Whitney's RL-10A-4 engine used in the Atlas Centaur upper stage. Photographs of each of these engines are shown in Fig. 3 and their specifications are listed in Table 1 3 . 
III. Solar Sail Dynamics
The dynamics of solar sail spacecraft are based on the same equations as normal spacecraft, but with the added continuous force provided by the solar radiation pressure on the sail. This radiation pressure is due to the reflection of the Sun's photons off the solar sail. While each reflection imparts only a minute degree of impulse, the combination of many reflections across an expansive sail area with minimal mass can produce a significant force contribution in the vacuum of space. Inserting this force contribution into the equations of motion for a spacecraft can effectively model how the solar sail will orbit.
There are four associated reference frames included in the solar sail system, the inertial frame O, the orbital frames A and S, and the solar sail body frame B. Frame O has its origin at the Sun's center of mass and includes the axes { } axis is oriented normal to the spacecraft orbit. Frame S has all of the same directions as frame A, but has its origin at the spacecraft center of mass rather than that of the Sun. Newton's second law of motion governs the acceleration of a rigid body when influenced by external forces. For the solar sail spacecraft, Newton's second law of motion for a rigid body is given by Eq. (4) where m is the total mass of the solar sail spacecraft and CM is the spacecraft center of mass.
The inertial acceleration shown on the right hand side of Eq. 
Returning to Newton's second law (Eq. (4)) the external force components include a contribution from the solar radiation pressure. This is controlled via the sail attitude with respect to the Sun. The attitude is determined from a series of rotation angles as shown in Fig. 6 . Since the S i axis is always pointed away from the Sun and the B i axis is normal to the sail the rotation angles , , γ δ α govern the spin, clock, and pitch angles respectively in relation to the Sun 4 . Thus, using the body angles defined in Fig. 6 the external forces acted on the solar sail spacecraft can be written as shown in Eq. (7) including the effects of the Sun's gravity. 
The symbols β and µ represent the sail lightness number and the Sun's gravitational parameter. The sail lightness number is defined by Eq. (8) where L s is the Sun's luminosity, A is the sail area, and c is the speed of light. 
Plugging Eqs. (6) and (7) into Newton's second law results in the governing equations of motion for a solar sail spacecraft in orbit around the Sun. These equations of motion are shown in Eqs. (9) -(11). 
The solar sail equations of motion determine how it will orbit around the Sun. Since they provide continuous thrust the resultant trajectory acts as a spiral slowly moving away from the Earth. An example of this trajectory is shown in Fig. 7 .
By controlling the sail attitude solar sails can maneuver their thrust component along the orbital path, against the path or in any other direction away from the Sun. In this fashion it is possible to position the sail thrust so that it increases the orbital energy and thereby pushes the spacecraft out of its orbit and into the spiral trajectory. Depending on the sail orientation and sail lightness number, which defines the strength of the sail, the time of flight and acceleration will change. This provides a unique degree of control where the sail attitude can be held fixed in relation to the Sun to maximize its outward component or it can be changed over time for course correction, changes in inclination or other maneuvers. Thus, solar sails provide continuous control throughout the transit trajectory as opposed to intermittent velocity burns used with conventional rockets. However, the minute degree of impulse imparted by solar sails also limits their time of flight performance and payload capabilities. The subsequent trade studies will provide more detail on the advantages and disadvantages of these propulsion systems in relation to one another.
The trade studies look at three solar sails as examples of varying degrees of performance among the solar sail propulsion systems. The three designs are a scaled-up version of the Cosmos 1 solar sail, the John Hopkins University (JHU) sail design, and a theoretical high performance solar sail (HPSS). Cosmos 1 was a solar sail designed and built by The Planetary Society in conjunction with Cosmos Studios. It employed eight triangular sail sections comprising a total sail area of 6,415 ft 2 . It was intended to be the first near-Earth solar sail mission, but due to a launch vehicle malfunction the solar sail was lost before it could be deployed 5 . Since it was designed for nearEarth applications and not interplanetary rendezvous the size of the sail was scaled up for this study by a factor of three to improve performance. The second sail considered is based on a design created by JHU in the late 1980s as a large circular sail to be deployed in the proposed solar sail space race of 1992 4 . While the race did not take place the design is still a viable candidate for a successful solar sail design. The last solar sail considered is theoretical and meant to represent the future of solar sail capabilities as manufacturing and engineering methods improve. The specifications for each sail without a payload are shown in Table 2 . 
IV. Electric Propulsion Dynamics
Electric propulsion systems are similar to solar sails in that they have continuous thrust components, but differ in how they provide that thrust. These engines use electrical power to heat propellant, accelerate propellant particles via electrostatic forces, or create electric and magnetic interactions within a plasma. In all cases the resultant thrust component is small, but continuous. Thus, the dynamics of electric propulsion can be modeled in similar fashion as solar sails, but with different force components.
Newton's second law of motion for electric propulsion includes the inertial acceleration of the spacecraft center of mass, which is defined via the polar coordinate system of { } , , r θ φ again representing the orbital radius, true anomaly, and inclination above the ecliptic plane. The resultant equation for the inertial acceleration is identical to that of solar sails and traditional spacecraft as shown in Eq. (12). 
An example of the resultant trajectory from these equations of motion is shown in Fig. 8 .
For this study the two electric engines considered are a Xenon Ion Propulsion System (XIPS) and a Hall Thruster. The XIPS uses the inert gas Xenon due to its high molecular mass, which in turn maximizes its momentum. The gas is bombarded with electrons to cause ionization and these ions are then accelerated through porous electrode grids via Coulomb forces. The exhaust stream is then neutralized to maintain an axial flow and produce a small but continuous thrust. The Hall Thruster is similar to the XIPS in that it usually uses ionized Xenon as its propellant flow. However, it differs in that it creates a Hall-effect electric field using cylindrical magnet solenoids and an anode and cathode. The axial field results in a transverse current to accelerate the Xenon ions. The Hall Thruster also has the benefit of Figure 8 . Electric Propulsion Spiral Trajectory.
maintaining better axial flow negating the need for neutralization 6 . The performance parameters of the engines are specified in Table 3 . One parameter of note is the limited lifetime capabilities of the electric engines due to component erosion over continuous use. Both can operate for little over a year, which is insufficient for most interplanetary missions. However, to compensate for this problem a spacecraft would need an advanced engine with an extended lifetime or multiple engines to be used successively during various stages of its mission. For the purposes of this study the engines are assumed to be limited to the listed lifetimes and a spacecraft traveling longer than those times must carry a sufficient number of engines to maintain its trajectory. Similar to the method of staging rockets, using multiple electric engines requires factoring in the extra mass per engine as payload for the preceding engine.
Another component to the electric propulsion system would be the power source for these engines. These can range from any number of devices including fuel cells, solar arrays, and nuclear generators. Based on weight and propellant considerations the solar arrays will be used for this study. Entech's Stretched Lens Array (SLA) offers some the best performance parameters of modern solar array technology. The basis of their design is to use a stretched membrane canopy over each of the solar cells to focus the sunlight and produce greater power 7 . The specifications for the SLA power supply are listed in Table 4 .
V. Trade Studies
Based on the derived dynamics for each of the three propulsion systems, an iterative trade study was performed to rate and compare the systems for interplanetary rendezvous missions. The three missions considered were rendezvous with Mars at a distance from the Sun of 1.5 AU, with the Asteroid Belt at 2.7 AU, and with Jupiter at 5.2 AU. The propulsion systems' performances were evaluated in terms of time of flight, mass requirements, and relative sizes.
A. Mission to Mars 1. 100 Lb Payload
For the mission to Mars, the study included payload capacities of 100 lb and 1,000 lb. In the case of the 100 lb payload the resultant times of flight are shown in the graph in Fig.9 , where the solar sails are represented in blue, the rockets in red, and the electric propulsion systems in yellow. The three fastest propulsion systems for this mission are the JHU solar sail, HPSS, and Hall Thruster at 0.41, 0.25, and 0.58 years respectively. All of these are faster trip times than the Hohmann transfer, which requires 0.70 years. Using a gravity assist to save propellant results in a longer trip time of 1.04 years. The slowest was the scaled Cosmos 1 solar sail, which took 2.11 years to deliver the 100 lb payload to Mars. The mass distribution requirements for the 100 lb payload mission to Mars are shown in the graph in Fig. 10 . In terms of propellant, the solar sails required the least mass, which is used to circularize their orbit upon arrival. The electric propulsion systems likewise required less propellant than the rocket systems. IT is important to note the difference in propellant types as well since the electric engines use Xenon gas and the rockets use LH 2 and LOX as its fuel and oxidizer. In terms of structural mass, the scaled Cosmos 1 and JHU solar sails required the most due to their large sails. The HPSS has an even larger sail, but has significantly less density. Thus, combining the structural, propellant and payload masses, all of the systems are relatively close in total mass. The HPSS had the least total mass due to its low density sail and minimal propellant requirements. The electric systems both had significantly more structural mass than the rockets, but required far less propellant mass resulting in a smaller total mass. Comparing the Hohmann transfer and gravity assists the former was faster, but required about 30 lb more propellant.
1,000 Lb Payload
For a heavier payload of 1,000 lb the resultant time of flights and mass distributions are shown in Fig. 11 and Fig. 12 respectively. For this mission only the HPSS had a faster trip time than the rockets. The rocket trip times are independent of payload mass and so give the same results for 100 and 1,000 lb payloads. The JHU solar sail and Hall Thruster gave reasonable times of about 2 and 3 years respectively. The slowest systems were the scaled Cosmos 1 solar sail and XIPS, which took 7.54 years and 8.48 years. For each system the payload mass, structural mass, and required propellant mass are stacked from bottom to top respectively. The payload of 100 lb is shown in white. The solar sails are represented in blue, the rockets in red, and the electric propulsion systems in yellow. The mass distribution results show a relatively large difference between the rocket mass requirements and the solar sail electric systems. This is due primarily to its increased reliance on propellant, which increases dramatically with the added payload mass. Even with the gravity assist maneuver the rockets required 2,300 lb for the RL-10A-4 engine and 2,400 lb for the LE-5B. The gravity assist saved about 250 lb of propellant for both engines as compared to the faster Hohmann transfer. The XIPS required 275 lb of Xenon gas propellant and 50 lb of rocket propellant for circularization. The Hall Thruster required 550 lb of Xenon gas and 45 lb of rocket propellant. The solar sails required about the same amount of rocket propellant as the electric engines again for orbit circularization. In terms of total mass, the rockets' high demand of propellant dwarfed the structural mass requirements of the various systems and resulted in total masses approaching 4,000 lb including the 1,000 lb payload. The electric engines had relatively significant structural requirements yielding total masses of about 2,000 lb including the payload. The least massive systems were the solar sails, which all required less than 1,500 lb including the structural and payload requirements.
While the mass distribution plots are important in terms of launch requirements and cost, the sizes of the systems are also important for designing payload fairings and deployment systems. A comparison of all the upper stage propulsion systems relative sizes is shown in Fig. 13 including the solar sails, the Hohmann rockets, the electric propulsion systems (averaged as one), and also the space shuttle for reference. The expansive areas of the solar sails are far greater than the rocket or electric systems. Since the sizes shown are for the 1,000 lb payload it is interesting to note that while the solar sails required the least total mass, they had the greatest relative sizes. This is due to the extreme difference in density for the sail materials and tank systems used to store the engine propellants. Thus, the solar sails present small demand on the launch vehicles in terms of mass, but do require advanced in-space deployment systems. 
B. Mission to the Asteroid Belt 1. 100 Lb Payload
The rendezvous mission to the Asteroid Belt was also analyzed using all three propulsion systems. The results for the 100 lb payload to the Asteroid Belt are shown in Fig. 14 and 15 as the time of flight requirements and mass distribution respectively. The results show a faster trip time for the two higher performance solar sails, the JHU sail and the theoretical HPSS, as compared to the Hohmann transfer. The former requires 0.94 years and the latter 0.45 years to deliver the 100 lb payload to the Asteroid Belt. The Hohmann transfer was the next fastest system at 1.26 years followed by the gravity assist rockets at 2.22 years. The electric engines and the scaled Cosmos 1 took longer than the rockets with the scaled Cosmos 1 the slowest at 10.51 years.
The mass distribution results showed a large difference in mass requirements for the Hohmann transfer rockets as compared to the advanced propulsion systems and gravity assist rockets. While the propellant requirements for the XIPS were less than the rockets, in terms of total mass it was greater. This is due in large part to the increasing number of engines required based on their limited lifetimes. This is reflected in the structural mass requirements. Implementing the gravity assist maneuver around Mars saved significantly on propellant for the mission to the Asteroid Belt. Nonetheless, the solar sails still required the least mass due mainly to their large sails, which for this study were held constant for all the payloads and destinations. For each system the payload mass, structural mass, and required propellant mass are stacked from bottom to top respectively. The payload of 100 lb is shown in white. The solar sails are represented in blue, the rockets in red, and the electric propulsion systems in yellow
1,000 Lb Payload
The results for the 1,000 lb payload mission to the Asteroid Belt are shown in Figs. 16 and 17 as the times of flight and mass distribution respectively. The increased demand for payload resulted in longer trip times for all of the advanced propulsion systems as compared to the rockets. The XIPS and scaled Cosmos 1 took the longest at 38.96 and 31.14 years respectively. The Hall Thruster also took considerable time at 10.34 years. The JHU solar sail and HPSS took 6.01 and 3.40 years respectively both of which were longer than the payload-independent trip times of 1.26 and 2.22 years for the two rocket trajectories.
While the increased payload did not affect the times of flight for the rocket systems, it did place a much greater demand on propellant mass. The Hohmann transfer again required much more mass than any of the other systems and using the gravity assist required about 5 times less propellant than the Hohmann. The electric engines required about the same amount of total mass for structural components and propellant as the gravity assist rockets. However, the solar sails required much less mass, less even than the 1,000 lb payload. For each system the payload mass, structural mass, and required propellant mass are stacked from bottom to top respectively. The payload of 1,000 lb is shown in white. The solar sails are represented in blue, the rockets in red, and the electric propulsion systems in yellow.
A second comparison of the sizes of the upper stage propulsion systems is shown in Fig. 18 . It is similar to the last size comparison with the solar sails requiring far more area despite its low mass. The Hohmann transfer rockets required larger storage tanks for the greater distance and this is reflected in the comparison as well. For reference the rockets were about half the size of the space shuttle keeping in mind this only represents the upper stage unit and not the entire launch vehicle.
C. Mission to Jupiter 1. 100 Lb Payload
For the 100 lb payload mission to Jupiter the time of flight and mass distribution results are shown in Fig. 19 and 20 respectively. The HPSS took less time than the rockets requiring less than a year to deliver the payload to Jupiter. The Hohmann transfer was the next fastest at 2.73 years. The gravity assist around Mars again added to the total trip time resulting in 3.77 years, which is slightly longer than the JHU solar sail, which yielded a 3.40 trip time. The scaled Cosmos 1 requires about 28 years to deliver the payload to Jupiter and the XIPS had such a long trip time exceeding 100 years that it was excluded from the comparison for this mission.
In terms of mass requirements, the results were similar to previous cases where the increasing demand for propellant resulted in a high total mass for the Hohmann transfer. The gravity assist proved even more useful for the trip to Jupiter requiring about 17 and 20 times less propellant for the RL-10A-4 and LE-5B engines respectively. The Hall Thruster required 1,750 lb of propellant yielding a total mass of 2,300 lb, which was also greater than for the gravity assist. However, the solar sails again required the least mass, less than the gravity assist. 
1,000 Lb Payload
The final trade studies for the 1,000 lb payload to Jupiter are shown in Fig. 21 and 22 for the time of flight results and mass distribution. The added payload capacity yielded longer trip times for all of the advanced propulsion systems with the HPSS taking 10 years, the JHU 20 years, the Hall Thruster 30 years, and the scaled Cosmos 1 taking the longest (excluding the XIPS) at about 100 years.
The mass distribution results show a total mass approaching 120,000 lb for the Hohmann transfer rockets. The gravity assist around Mars can save 70,000 and 90,000 lb of propellant for the RL-10A-4 and LE-5B respectively. The gravity assist yielded total masses of 6,000 lb, which is less than the Hall Thruster, which required 8,000 lb total including the payload. The solar sails were again the least massive each requiring less than 1,500 lb including the payload. The last size comparison of the upper stage propulsion systems is shown in Fig. 23 . The Hohmann transfer rockets require much more massive tanks for the greater propellant demand and this is reflected in its relative size. The electric engine storage tank is also visible due to the increased propellant requirements for traveling to Jupiter. Nonetheless, the solar sails still require the most expansive area due to their large, low density sails. For each system the payload mass, structural mass, and required propellant mass are stacked from bottom to top respectively. The payload of 1,000 lb is shown in white. The solar sails are represented in blue, the rockets in red, and the electric propulsion systems in yellow.
VI. Conclusions
Implementing the advanced propulsion systems as upper stage units for interplanetary rendezvous has a number of advantages and disadvantages as compared to traditional rockets. The trip times generally take longer, especially with the greater payload capacity and farther traveling distances. The HPSS did yield faster trip times in some cases reflecting its theoretical high performance capabilities. In the missions requiring a 100 lb payload the HPSS had a lightness number of about 0.75. This means that the force of the solar sail is about ¾ that of the Sun's gravity, which yields high performance. However, all of the solar sails, including the scaled Cosmos 1, required much less mass than the rockets or electric engines. Since they do not rely on propellant this was especially true for the greater payload capacities and traveling distances. This suggests that solar sails in general prove more beneficial for farther distances and likewise longer trips. Furthermore, if the length of the mission is not restricted than the solar sails provide an effective means of reducing the upper stage mass and propellant requirements. This saves on mission and launch costs.
While solar sails provide thrust control throughout the transfer trajectory, the trip times are dependent on the payload mass. Rockets have payload-independent trip times since they use short delta-v burns to control the trajectory and then rely on the Sun's gravity to bring the spacecraft to its destination. The increase in payload is reflected more in the increased demand for propellant than in trip time for the rockets. However, by sacrificing some time to perform a planetary fly-by maneuver called a gravity assist this demand on propellant can be significantly reduced. Missions to Mars can benefit by flying by Venus and then Earth to save some propellant. For missions to the Asteroid Belt or Jupiter the spacecraft can perform a gravity assist around Mars whose orbit intersects the transfer trajectory anyway. The results showed high propellant savings up to 20 times less for the latter two missions and cost about an extra year in time of flight for both. Similar to the advanced propulsion systems, if time of flight is not restricted gravity assists can provide potential savings in propellant demand.
The electric propulsion engines proved effective in saving time and propellant for the missions to Mars and the Asteroid Belt. This was especially true for the Hall Thruster, which generally had faster trip times than the XIPS, but required more propellant. However, due to the limited lifetime of the engines, trips to Jupiter required a large number of engines, which places heavy demands on structural mass. The XIPS required so many engines that its trip times to Jupiter were on the scale of hundreds of years. This represents another drawback to continuous thrust systems since they must be reliable enough to operate the entire transfer. Rockets need only perform during the critical burn times. Nonetheless, if engine erosion can be reduced and the reliability improved the lifetimes can be improved. This would save on structural mass and result in faster trip times.
When comparing the solar sails and electric engines, the results favor the former especially for the longer missions to the outer planets. The solar sails had the advantages of no transfer propellant and therefore did not show significant increases in mass due to increased distances. However, there are other advantages of the electric engines over the solar sails as well. The relative size comparisons showed that the electric engines remained relatively small compared to the rockets and especially the solar sails. The primary contributor to their size was the need for solar arrays to provide power to the engines. While in general the engines were more massive than the solar sails, their smaller size would facilitate simpler deployment mechanisms and smaller payload fairings. Solar sails on the other hand require sophisticated deployment schemes, usually by rolling sections of sail out or employing spin forces to force the sail to unfurl. Furthermore, while electric engines erode over time and have limited lifetimes, the solar sails also must cope with erosion problems and degradation from space debris. Generally, the benefits of electric engines over solar sails relate to launch and deployment considerations and the benefits of solar sails become apparent during the outward spiral trajectory.
Overall the advanced propulsion systems fared reasonably well as compared to the rockets. The best conclusion to draw from this study is that the benefit of the propulsion systems varies according to specific missions. Solar sails for example prove effective for longer, farther missions to the outer planets since they require little propellant. Electric systems are smaller requiring simpler payload fairings and deployment systems and also may prove equally effective as solar sails if their lifetimes can be improved. Most of the systems are limited by their materials and require a great deal more study to determine how they rate for particular missions. As the technology of each is improved the viability of each system will also change. The scaled Cosmos 1 solar sail represents a current spacecraft capability as demonstrated by its inspiration's construction in 2005. The JHU solar sail and HPSS could also be developed as sail material technologies improve.
